The Pitx2 gene encodes a homeobox transcription factor that is required for mammalian development. Disruption of PITX2 expression in humans causes congenital heart diseases and is associated with atrial fibrillation; however, the cellular and molecular processes dictated by Pitx2 during cardiac ontogeny remain unclear. To characterize the role of Pitx2 during murine heart development we sequenced over 75,000 single cardiac cell transcriptomes between two key developmental timepoints in control and Pitx2 null embryos. We found that cardiac cell composition was dramatically altered in mutants at both E10.5 and E13.5. Interestingly, the differentiation dynamics of both anterior and posterior second heart field-derived progenitor cells were disrupted in Pitx2 mutants. We also uncovered evidence for defects in left-right asymmetry within atrial cardiomyocyte populations. Furthermore, we were able to detail defects in cardiac outflow tract and valve development associated with Pitx2. Our findings offer insight into Pitx2 function and provide a compilation of gene expression signatures for further detailing the complexities of heart development that will serve as the foundation for future studies of cardiac morphogenesis, congenital heart disease and arrhythmogenesis.
INTRODUCTION
Pitx2 encodes a paired related homeodomain transcription factor that is essential for both human and mouse development. Investigations aimed at dissecting the biological role of Pitx2 are important, especially given that Pitx2 has been implicated in several human diseases, including Rieger syndrome, ocular dysgenesis with glaucoma, acute appendicitis and atrial fibrillation (AF), the most common sustained human arrhythmia (Ellinor et al., 2010; Gudbjartsson et al., 2007; Lin et al., 1999; Lu et al., 1999; Semina et al., 1996; Syeda et al., 2017) . In postnatal cardiomyocytes (CMs), Pitx2 regulates genes that are important for the cellular response to reactive oxygen species (ROS), and is itself a target of Nrf2 (also known as Nfe2l2), a master transcriptional regulator of the cellular antioxidant response (Tao et al., 2016) . However, less is known about the cell type-specific direct targets for Pitx2 during cardiac development.
Early during embryogenesis, Pitx2 is directly regulated by the Nodal-mediated left-right asymmetry (LRA) pathway, which confers left-sided morphogenesis onto all organs in the body (Logan et al., 1998; Piedra et al., 1998; Yoshioka et al., 1998) . Nodal is a Tgfβ family signaling molecule that participates in the early break in symmetry in mammalian embryos and Nodalmediated regulation of Pitx2 takes place via an asymmetric cisregulatory element located within the Pitx2 gene body. As a downstream effector of LRA signaling, Pitx2 plays an essential function at the late stages of LRA through mechanisms that remain poorly understood, particularly in the developing heart.
During heart development, Pitx2 has two main functions: morphogenesis of the outflow tract (OFT) and left-right specification of the atria. Pitx2 is required for complete OFT septation (Liu et al., 2001) . Conditional mutagenesis revealed that Pitx2 functions in the second heart field (SHF) to regulate proliferation of OFT myocardium, and that Pitx2 was dispensable in the cardiac neural crest (Ai et al., 2006) . In the left atrium, Pitx2 confers left atrial morphology (Liu et al., 2001) . Pitx2 null mutant left atria have right-sided morphologic characteristics including venous valves and trabeculated myocardium (Liu et al., 2001) . Moreover, Pitx2-deficient embryos also possess bilateral or ectopic sinoatrial nodes (SANs), which may explain the predisposition to AF that is observed in adult animals with decreased Pitx2 expression (Ammirabile et al., 2012; Mommersteeg et al., 2007; Wang et al., 2010) . In addition to OFT morphogenesis, Pitx2 has also been implicated in atrioventricular valve development. Further, morphogenesis of both the AV cushions and the dorsal mesenchymal protrusion are defective in Pitx2 null embryos, suggesting an essential function for Pitx2 during ventricular septation.
Here, we used single cell transcriptomics to inspect Pitx2 function in cardiac development and left-right cellular specification. Deployment of a high-throughput single cell RNAseq (scRNA-seq) platform on cardiac tissue dissected from both control and Pitx2 null embryos at embryonic day (E)10.5 and E13.5 was carried out to characterize all deviations in cell composition, cellular state and differentiation trajectories. Our data revealed that the cell fates of SHF progenitors in Pitx2-deficient hearts are severely affected at the transcriptional level. We also uncovered the transcriptional consequences associated with the loss of proper left-right specification in atrial CM populations. Finally, we detailed the transcriptional and cellular compositional shifts associated with abnormal cardiac cushion remodeling, valvulogenesis and vasculature development observed in Pitx2-deficient hearts.
RESULTS

Profiling of control and Pitx2-deficient E10.5 cardiac tissue
To characterize the precise cellular and molecular events dictated by Pitx2 during cardiac ontogeny, we first focused on E10.5, when Pitx2 is highly expressed and atrial septation, valvulogenesis, atrioventricular junction formation and OFT remodeling begin to occur. We performed droplet-based scRNA-seq on E10.5 murine cardiac tissue derived from control and Pitx2 null (Pitx2 hd−/− ) animals ( Fig. 1A) . After computational processing, we carried out graph-based clustering followed by dimensionality reduction using Uniform Manifold Approximation and Projection (UMAP) (McInnes and Healy, 2018) . Overall, we captured 22,797 cells which belonged to 18 clusters that we assigned cell identities to based on their top differentially expressed genes (Fig. 1B,C, Fig.  S1A and Table S1 ). Overall, we were able to identify a total of 1062 differentially expressed genes and several interesting markers for all cardiac cell types and cell states present at E10.5. We detected all major cardiac cell types, including CMs, endocardial cells (EndoCs), mesenchymal cells (Mes), epicardial cells (EpiC), macrophages (MΦ), and cardiac progenitor cells (CPs). Interestingly, the cardiac progenitors were heterogenous and were more similar to epicardial cells. Moreover, we detected several CM subtypes, which we categorized according to previously detailed markers for E10.5 CM heterogeneity , including outflow tract CMs (CM-OFT), atrial CMs (CM-Atrial), CMs of the left ventricular septum (CM-LSV), left ventricle (CM-LV), and atrioventricular canal (CM-AVC). We also discovered a population of immune cells expressing high levels of Gata1 (Fig. S1A ).
To further explore the global topology of this scRNA-seq dataset, we applied partition-based graph abstraction (PAGA), an algorithm that maps discrete connected and continuous connected cell-to-cell variation (Wolf et al., 2019) . PAGA is well suited for visualizing complex developmental trajectories (Pijuan-Sala et al., 2019) . The PAGA-initialized cell embeddings and resulting PAGA graphs were consistent with our UMAP results ( Fig. 1D ). Indeed, the Myh7-expressing ventricular CMs clearly separated from the Myh6expressing atrial CM clusters (Fig. 1E ). The similar transcriptional relationships of the CPs and Wt1-expressing EpiC cells was also evident. Moreover, the connection of the CPs with the endocardial and myocardial branches is consistent with lineage contributions of SHF progenitors (Cai et al., 2003) .
We next grouped and quantified all major cardiac cell types to determine the cellular composition of the E10.5 heart (Fig. S1B ). The CMs were the most prevalent cell type profiled, making up ∼67% percent of our dataset. Endothelial cells (9.8%), mesenchymal cells (9.7%), CPs (5.5%), EpiCs (4.9%) and immune cells (2.7%) comprised the remainder of the heart tissue. These results are consistent with a recent scRNA-seq study detailing a comparable stage of human ontogeny (Cui et al., 2019) . However, they differ from a Fluidigm-based scRNA-seq study carried out on the E10.5 mouse heart, in which CMs were reported to comprise close to 50% of the heart . Additional studies beyond the scope of this paper are required to comprehensively detail the composition of the developing heart and determine the cell type biases associated with various scRNA-seq platforms.
Cardiac tissue composition is altered in Pitx2 null E10.5 embryonic hearts Next, we wanted to discern the cellular differences between control and Pitx2 null E10.5 embryonic cardiac tissue ( Fig. S2A ). We found that several clusters of cells displayed unequal composition between the two genotypes. To determine which clusters were statistically different we performed a chi-square-based cluster composition test on the scRNA-seq dataset (Li et al., 2018; Xiao et al., 2018) . We found that EpiCs, EndoCs, CPs, MΦs and CM-LV cells were more prevalent in Pitx2-deficient animals, whereas CM-OFT, mesenchymal cells, atrial CMs and epithelial-mesenchymal transition (EMT) cells decreased in Pitx2 mutants compared with controls ( Fig. S2B ). Overall, we were able to characterize the putative cellular composition shifts present in Pitx2-deficient embryonic cardiac tissue.
We next examined Pitx2 expression across these clusters and found that many CM and CP clusters expressed significant levels of Pitx2 ( Fig. S2C ). Thus, we subset these cell populations along with closely interconnected clusters and performed iterative clustering before UMAP dimensionality reduction to gain further insight into the mutant phenotype ( Fig. 2A ). Differential expression analysis of these clusters provided us with a gene list from which we were able to more accurately assign cell identities to CPs (Fig. 2B , and Table S2 ) (reviewed by Meilhac and Buckingham, 2018) . And again, the PAGA-initialized cell embeddings were in close agreement with our UMAP results (Fig. 2C ). Indeed, we found Tbx18-positive posterior second heart field (pSHF) progenitors, and two clusters of Isl1-expressing cells that resembled anterior second heart field (aSHF) progenitors ( Fig. 2D and Fig. S2D ). Strikingly, the aSHF2 population, which appeared to be actively differentiating into CM-OFT cells, expressed several unique transcripts, including the cytokine interleukin 17b (Il17b), inhibin subunit alpha (Inha), grainyhead like transcription factor 3 (Grhl3) and the peptide hormone apelin receptor early endogenous ligand (Apela). Interestingly, we identified a cluster of cells that was predominantly derived from Pitx2 mutant tissue and was transcriptionally proximal to SHF progenitors ( Fig. 2B ,C). These mutant CP-like cells, which we term muCPs, expressed several neural crest markers, including, Ngfr (P75), Crabp1, Gja1 (Cx43) and Twist1 ( Fig. 2D and Fig. S2D ). Moreover, they appeared to possess several features attributed to altered Wnt signaling, including the expression of Wnt2 (Fig. 2D ). Markers for the pharyngeal mesoderm (PM), such as Lhx2 and Tcf21, were also present in the pSHF cluster ( Fig. S2D ). Consistent with the role of Pitx2 in the PM gene regulatory network (Harel et al., 2012) , the expression of these markers was absent in the muCP population.
The iterative clustering of E10.5 cells also uncovered further heterogeneity in the CM populations ( Fig. 2A-C) . Among the two right atrial (RA) clusters identified, CM-RA1 possessed transcriptional features of the SAN, including the expression of Isl1, Tbx18, Shox2 and Hcn4 (Fig. S2D ) among several additional markers ( Fig. 2C ). We next performed chi-square cluster composition analysis and found that muCP, pSHF and CM-RA1 clusters were more enriched in the Pitx2 mutants compared with controls ( Fig. 2E ). Conversely, the CM-Atrial, aSHF1, aSHF2 and smooth muscle cell (SMC) clusters possessed fewer Pitx2 mutant cells than control cells. The putative bifurcating developmental trajectory of aSHF cells to SMCs and CM-OFT also appeared to be compromised in the mutant outflow tract ( Fig. 2E ).
To validate the presence of the muCP cluster in the Pitx2-deficient heart, we performed immunofluorescence (IF) and fluorescence in situ hybridization (FISH) co-labeling experiments. Dkk2 (dikkopf Wnt signaling pathway inhibitor 2), which encodes for a secreted Wnt signaling modulator that has been previously shown to regulate myocardial proliferation (Phillips et al., 2011) , is highly enriched in the muCPs (Fig. 2D ). Crabp1 expression marked the muCP cluster, in addition to other cell populations in the OFT (Fig. S2D ). In the hearts of Pitx2 hd−/− animals, we observed increased expression of Dkk2 mRNA in CRABP1-positive cells localized to the endocardial portion of the OFT compared with controls ( Fig. 2F ,G and Fig. S2E ). Furthermore, IF for ISL1, a marker for aSHF1 and aSHF2 clusters, indicated that that the number of ISL1-expressing cells in the left OFT was diminished in Pitx2 null animals ( Fig. S3A ). Overall, these data support our scRNA-seq findings.
Profiling of control and Pitx2-deficient E13.5 cardiac tissue Pitx2 has previously been implicated in OFT and cardiac valve formation (Ai et al., 2006; Ma et al., 2013) . To more accurately detail the role of Pitx2 in OFT development and valvulogenesis we performed scRNA-seq on control and Pitx2 null cardiac tissue at E13.5, a crucial timepoint for cardiac valve maturation and OFT septation. We captured a total of 54,325 E13.5 cells from control and Pitx2-deficient embryonic hearts (Fig. 3A ). After average differential expression analysis between clusters, we identified 1124 markers ( Fig. 3B and Table S3 ). We detected several cell types with transcriptional signatures of cardiac cushions, valves, vascular endothelial cells (VECs) and arterial cells, in addition to CMs, SMCs and EndoCs (Fig. 3A,B ). As expected, E13.5 cardiac tissue composition differed greatly from E10.5 cardiac tissue (Fig. S4A) . The proportion of CMs in control hearts was reduced to 44%, mesenchymal cells expanded to 21% and endothelial cells increased to 16%. These results are consistent with E13.5-E14.5 cardiac Dropseq data we have previously reported (Xiao et al., 2018) .
Cells from the valve mesenchyme cluster (VaMes) expressed scleraxis (Scx), an important transcription factor required for valvulogenesis (Lincoln et al., 2006) . In addition, they expressed asporin (Aspn), which encodes a cartilage extracellular protein and heart valve enriched gene (Chakraborty et al., 2008) . Endocardial valve cells (EndoV) and arterial cells expressed several markers, including desert hedgehog (Dhh) (Fig. 3C ). We found that VaMes, SMC, EndoV, VEC and arterial cell clusters were less numerous in Pitx2-deficient cardiac tissue ( Fig. S4B ). Moreover, we identified a cluster of SHF-like cells expressing high levels of the T-box 3 opposite strand 1 (Tbx3os1) antisense lncRNA, which were more numerous in control animals ( Fig. 3C ).
Pseudotime analysis uncovers defective SHF differentiation dynamics in Pitx2 null hearts
To further explore the phenotypic defects present in Pitx2 null embryos, we merged the E10.5 and E13.5 scRNA-seq datasets (Fig. 3D,E ). The majority of cardiac cell types differed greatly across the two timepoints ( Fig. 1 and Fig. 3 ). In order to characterize the potential defects in SHF progenitor cell differentiation we subset the merged data to include aSHF1, aSHF2, pSHF, muCP, CM-OFT, CM-Atrial and CM-RA clusters. After re-clustering and UMAP dimensionality reduction, we uncovered considerable atrial and RA CM heterogeneity (Fig. 4A ). The subset of single cell transcriptomes differed distinctively by developmental timepoint (Fig. S5A ). Consistent with our previous composition analysis, we found that Pitx2 null tissue displayed decreased OFT contribution and altered atrial CM composition ( Fig. S5B ).
Next, to reconstruct the cell differentiation and cell maturation trajectories of these clusters in more detail we applied the STREAM (Single cell Trajectories Reconstruction, Exploration and Mapping) analysis pipeline (Chen et al., 2019) . All progenitor clusters (muCP, aSHF1, aSHF2 and pSHF) were located at the root of the branching STREAM trajectory, whereas the tips of the branches were occupied by cells from more differentiated clusters (Fig. 4B ). The STREAM output was consistent with our UMAP results and suggested that Atrial-4 is the most mature atrial cluster, whereas RA-5 is the most mature RA cluster. Further, the CM-OFT branch halted approximately midway along the observed developmental axis, consistent with the loss of this cell identity by E13.5. Along the trajectory, Pitx2 expression was enriched at the aSHF2-to-CM-OFT transition as well as within a segment of the atrial CM branch (Fig. 4C) .
Among the atrial clusters we annotated, Atrial-6 appeared to express the highest levels of Pitx2. In addition, Atrial-6 cells coexpressed Ramp1 and Osr1, but lacked expression of Shox2, Calca and Sema3a (Fig. S5C) . Importantly, Atrial-6 cells were almost entirely absent in Pitx2-deficient hearts (Fig. S5B) . Thus, Atrial-6 cells resembled left atrial CMs. Furthermore, the nearby clusters, Atrial-5 and RA-5, expressed high levels of Shox2 (Fig. 4C and Fig.   S5C ). The expansion of Shox2 expression in mutant atrial and RA clusters is consistent with our previous work, in which we found that Shox2 expression is repressed by PITX2 (Wang et al., 2010) .
Next, to characterize the Pitx2-dependent developmental dynamics of the OFT myocardium we employed density peak clustering within the Monocle2 framework for pseudotemporal analysis (Qiu et al., 2017) on aSHF cells and the interconnected CM-OFT cluster. We found that the Monocle2 pseudotime results were consistent with our UMAP projection and STREAM analysis (Fig. 4B,D) , in which cells progressed along a developmental trajectory progressing from aSHF1 cells to the intermediate aSHF2 cluster, and ultimately CM-OFT cells (Fig. 4D ). Cells derived from control cardiac tissue occupied considerably more of the early and intermediate positions along the CM-OFT trajectory than did cells derived from Pitx2 null embryos ( Fig. 4D and Fig. S5B ). These results suggest that Pitx2 may dictate second lineage differentiation trajectories. To determine the transcriptional dynamics associated with the differentiation of SHF progenitors to CMs of the OFT myocardium, we determined all genes for which expression changes as a function of progressing pseudotime (q-value <1e-5), and then performed hierarchical clustering (nclust=4) to capture the key dynamic gene expression trends (Fig. 4E ). The genes for which expression increased linearly across pseudotime, including Mef2c and Nkx2-5, belonged to gene ontology (GO) terms associated with oxidative phosphorylation, myofibril assembly and cardiac muscle contraction, (Fig. 4E,F ). GO analysis also uncovered that cell cycle genes (e.g. Ccnb1), mRNA splicing genes (e.g. Srsf1), Myc target genes, chromatin remodelers and heart valve morphogenesis-associated terms decreased across pseudotime. Interestingly, the genes that were expressed at the highest level at the trajectory midpoint were those most significantly associated with epithelial-to-mesenchymal transition (EMT), including Col1a2 and chemokine C-X-C motif ligand 12 (Cxcl12) (Fig. 4E) .
The intermediate cells of the CM-OFT differentiation trajectory, belonging principally to cluster aSHF2, expressed high levels of Pitx2 and were significantly depleted in mutant embryonic cardiac tissue. Importantly, we found that these cells co-expressed high levels of the matricellular protein transforming growth factor beta induced (Tgfbi), and the basic helix-loop-helix (bHLH) transcription factor Hand1 (Fig. 4F ). We used FISH to assess the expression of Tgfbi and Hand1 in the E10.5 heart and found that the expression of both genes was reduced in the OFT of Pitx2-deficient animals ( Fig. 4G,H, Fig. S5D,E) . Overall, these data suggest that the Pitx2 gene regulatory network is required for the proper differentiation dynamics of anterior SHF progenitors.
Right atrial cardiomyocyte identity enrichment in Pitx2 null cardiac tissue
We then sought to determine the transcriptional dynamics associated with the disruption of left-right asymmetry characteristic of Pitx2 null embryos. Importantly, previous studies have detailed the ability of left pSHF cells to give rise to myocardial cells of the left atria and AVC, whereas progenitors of right pSHF contribute to the right atria (Domínguez et al., 2012) . Given that RA identity was more prevalent among CMs in Pitx2 mutant embryonic cardiac tissue (Fig. S5B ), we subset out RA CMs and the connected SHF progenitors (pSHF and muCP) and then performed pseudotime analysis as described above. The Monocle2 pseudotime results were consistent with our UMAP projection (Fig. 5A,B ). The single cell transcriptomes analyzed proceeded along a trajectory progressing from SHF progenitors to RA CM clusters 1-5 ( Fig. 5B) . To better visualize the trajectory we applied STREAM (Fig. 5C ). The results from the STREAM analysis were consistent with the Monocle2 output. Next, we determined all genes for which expression changes as a function of pseudotime (q-value<1e-5), and performed hierarchical clustering (nclust=4) (Fig. 5D ). Genes associated with RA CM identity belonged to GO terms such as oxidative phosphorylation, cardiac conduction, SA node cell activity, mesenchymal migration, cardiac neural crest development and SHF specification (Fig. 5D,E) . Conversely, genes that decreased as pseudotime progressed were associated with EMT, interleukin 12 signaling, neural crest differentiation and endocardial cushion development. In summary, these results detail the transcriptional dynamics and putative cellular compositional shifts associated with cardiac atrial asymmetry. Further work is essential to clarify these findings.
Pitx2-dependent cardiac valve development
From our E13.5 data we found that many of the cell clusters associated with valve development, SMC identity and coronary vasculature were abnormally dispersed in Pitx2 mutant cardiac tissue (Fig. S4B ). To gain further insight into the cellular composition shifts and transcriptional changes dependent on Pitx2 in cardiac development, we subclustered the key endocardial and mesenchymal cell types implicated in cardiac valve development (Fig. 6A ). The graph abstraction results were in agreement with our UMAP results (Fig. 6B ). Endocardial cells in Pitx2-deficient embryos contributed more to the cellular composition of the heart than they did in controls (Fig. S6A) . Conversely, subclusters of EndoV and VaMes cells were significantly diminished in Pitx2 null hearts. These results suggest that Pitx2 may be required for the proper differentiation or specification of endocardial cells during valve maturation. We were able to identify a population of E10.5 Mes cells that clustered proximally to the endocardial cells ( Fig. 2A) . These Mes cells expressed low levels of endothelial markers such as VE-cadherin (Cdh5) and CD31 (Pecam1), but expressed high levels of Sox9, Snai1 and the Yap target gene Ptx3 (Fig. 6C) . Notably, Sox9 is a transcription factor which is activated in endocardial cells once they undergo EMT and begin to migrate into the cardiac jelly during endocardial cushion formation (Akiyama et al., 2004) , and Snai1 is a Notch-induced transcriptional repressor of VE-cadherin and a central mediator of EMT (Timmerman et al., 2004) . Hence, the Mes cluster resembles a cluster of cells undergoing EMT. Moreover, these cells expressed several additional markers, including Dusp9, Klf1, Akr1b8, Tspan8 and Erbb3 (Fig. 6D) . The EndoV-3 cluster, the cardiac composition of which was diminished in Pitx2 null animals, expressed markers associated with mature endocardial valve leaflets, including Wnt4 and Wnt9b (Goddard et al., 2017; Xiao et al., 2018) . Moreover, we identified several additional molecular markers for cardiac valve development, including Bmp15, Il2rg, Adamts8, Ptprr, Nbl1 and Rassf5 for EndoV-3 ( Fig. 6D) . Additional studies beyond the scope of this paper are required to investigate the role played by Pitx2 during endocardial development.
DISCUSSION
Pitx2 expression is tightly spatiotemporally controlled during mammalian embryonic development, as it is required in several distinct cell lineages. Here, we characterized Pitx2-dependent cardiac development at E10.5 and E13.5 using single cell transcriptomics. We were able to detail cardiac cell identities and compositional shifts that resulted from a global loss of Pitx2 expression. Importantly, we found cells with cardiac progenitor-like expression profiles which displayed altered composition and transcriptional differentiation dynamics toward myocardial cell identities. Our results also further characterize the role for Pitx2 in dictating left atrial CM identity and provide expression signatures for normal and ectopic SAN-like cells. Overall, our data provide a comprehensive transcriptional profiling of Pitx2-dependent cardiac morphogenesis, as well as a resource for future investigations pertaining to the role of gene regulatory networks in organ development.
Although droplet-based scRNA-seq is a simple, high-throughput and relatively cost-effective approach, it is not without its limitations. The input derived from a single cell is small and the capture efficiency for transcripts is low, leading to dropouts and sparse data. Indeed, the technology can only resolve a fraction of a single cell's transcriptome (Hrvatin et al., 2018) . Thus, we may not have detected all of the gene regulatory events that occur as a consequence of Pitx2 disruption. Improving the sensitivity of scRNA-seq platforms and applying imputation algorithms may be able to drastically improve data quality in the future (van Dijk et al., 2018) . Another limitation with scRNA-seq is the loss of spatial information, which would greatly aid in cell type classification or annotation. Although we were able to easily annotate all the major cardiac cell types, we were unable to validate all the heterogeneous clusters detailed in this study. Future work characterizing these transcriptionally distinct cell types are required. And despite the large numbers of cells profiled, we may be missing rare cardiac cell types. Finally, the addition of more cells, timepoints and Pitx2expressing tissues (e.g. craniofacial) could potentially further advance our understanding of organogenesis and LRA.
Previous work that was carried out in our lab established that Pitx2 asymmetrically patterns the SHF progenitor pool, and is required for the proper expansion and remodeling of the OFT myocardium (Ai et al., 2006) . Moreover, more recent work found that Pitx2 dictates cardiac OFT development via mesoderm progenitor cells (Ma et al., 2013) . Consistent with these studies, we found evidence for defective SHF-to-OFT myocardial differentiation, as well as apparent defects in the differentiation or proliferation of SMCs. Interestingly, the expression of the bHLH Hand1 was diminished in the OFT of Pitx2 null embryos. In Hand1 knockout embryonic stem cells, CM differentiation is enhanced, whereas Hand1 overexpression promotes the maintenance of proliferating precursors at the expense of CM differentiation (Risebro et al., 2006) . Moreover, the conditional removal of Hand1 in the heart causes severe structural cardiac defects, including OFT defects (McFadden et al., 2005) . Taken together, these studies support a model to explain the observed findings in which the lack of Hand1 expression in the Pitx2 null aSHF pool reduces the population size of this cell type while simultaneously promoting the differentiation of these cells to the default mesodermal CM cell fate. The Pitx2-expressing aSHF2 cluster also appeared to be a prominent signaling source, expressing many potent secreted molecules, including Bmp4. Consistent with the decrease of Bmp4-expressing SHF cells in Pitx2-deficient embryos, the disruption of Bmp4 expression in the SHF causes OFT defects, reduction in cardiac neural crest cell (CNCC) ingress and defective EMT (Bai et al., 2013; Ma et al., 2013) . Finally, Pitx2 has previously been implicated as an upstream component of the Isl1 and Tbx1 gene regulatory networks (Harel et al., 2012; Ma et al., 2013) . Although our work expands our understanding of Pitx2 function in this progenitor field, further molecular insight into the regulation of the pioneer transcription factor Isl1 (Gao et al., 2019) and other regulators of heart development should be pursued.
We found a cluster of cells (muCP) with transcriptional similarities to CNCCs present in the E10.5 Pitx2-deficient heart. Although Pitx2 is not required in the neural crest lineage for heart development, CNCC migration and localization in Pitx2-deficient animals has been shown to be disrupted (Ma et al., 2013) . We believe it likely that the muCP cluster represent these undifferentiated CNCCs, however, lineage tracing and further experimental validation is necessary to definitively classify this cell type. We found that the muCP cluster expressed high levels of Wnt signaling antagonist Dkk2. Interestingly, Dkk2 expression is positively regulated by Pitx2 in the neural crest during eye development (Gage et al., 2008) . It may be that Pitx2 represses the expression of Dkk2 in the CNCC, or that its expression is being dictated in a non-cell-autonomous fashion. The muCPs also expressed the PITX2 target gene and Wnt signaling ligand Wnt2 (Basu and Roy, 2013) . Wnt2 has been shown to promote CM differentiation in embryonic stem cell cultures, similar to Hand1knockouts (Onizuka et al., 2012) . Thus, the loss of Pitx2 expression appears to alter the extracellular cardiac signaling apparatus, which dramatically alters the cell fate trajectories of cardiac progenitor cells.
The role of Pitx2 in the development, maturation and maintenance of atrial CMs has garnered a lot of recent attention, given that genome-wide association studies have uncovered a significant statistical association of PITX2 with AF (Ellinor et al., 2010) . We found transcriptional evidence for an increase in the composition of RA CMs, as well as the expansion of cells with signatures of the SAN. Although the ectopic expansion of cells of the cardiac conduction system have been reported previously in Pitx2-deficient mouse models (Ammirabile et al., 2012; Mommersteeg et al., 2007; Wang et al., 2010) , the single cell transcriptional signatures of this loss of left atrial identity and patterning with the concomitant expansion of right atrial CM identity have not yet been reported. Moreover, we found that pSHF cells were still present in Pitx2 mutant hearts and appeared to maintain their differentiation capacity to RA CMs at the transcriptional level. Thus, disruption of left-right asymmetry through the loss of Pitx2 in the pSHF progenitors does not appear to affect the size of the pSHF cell population, but likely skews their cellular identities such that without the expression of Pitx2 these cells may adopt a right atrial fate by default. In the future, it will be important to understand how defects in the proper spatiotemporal expression of Pitx2 in these cell populations contribute to the pathogenesis of AF.
MATERIALS AND METHODS
Mouse models
The Pitx2 hd−/− allele has been described previously (Lu et al., 1999) . All animals were maintained in a pathogen-free Baylor College of Medicine Transgenic Mouse Facility. All animal protocols and procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of Baylor College of Medicine in Houston, Texas.
scRNA-seq and analysis
Homozygous Pitx2 hd−/− mutant E10.5 and E13.5 embryos were visually identified and their hearts were dissected. For controls, wild-type and heterozygous embryos were used. All genotypes were confirmed using PCR for the Pitx2 hd allele. After hearts were removed from mutant and control embryos, we generated single cell suspensions by treating individual hearts with 0.25% Trypsin (HyClone) for 20-30 min at 37°C with end-over-end rotation. Digestion was quenched with DMEM containing 10% fetal bovine serum and cells were pelleted. The pellets were resuspended in 1× PBS with 0.04% bovine serum albumin and counted before being loaded onto the 10x Genomics Chromium instrument. For the E10.5 timepoint, we pooled hearts of the same genotype whenever possible in order to acquire sufficient cells for loading onto the 10x instrument. For the E13.5 timepoint, we used individual hearts for each experiment. In total, we sequenced three control scRNA-seq libraries and five Pitx2 hd−/− libraries for E10.5. For E13.5, we sequenced two control libraries and two Pitx2 hd−/− libraries. The scRNAseq libraries were generated using the 10x Chromium Single Cell 3′ v2 reagent kit, according to the manufacturer's instructions, and were sequenced on an Illumina Nextseq500.
The scRNA data was analyzed as previously described with minor modifications (Li et al., 2018) . Briefly, raw sequencing data were handled using the 10x Genomics Cell Ranger software (www.10xgenomics.com). Fastq files were mapped to the mm10 genome, and gene counts were quantified using the Cellranger count function. For E10.5, we averaged 117,673 reads per cell, and detected an average of 4104 genes per cell across all eight experiments. For E13.5 we averaged 40,470 reads per cell, and detected 2646 genes per cell on average across four experiments. Subsequently, expression matrices from each experiment were merged and were then imported into Seurat (version 2.3.4, https://satijalab.org/seurat/) for log normalization. We corrected for batch effects by regressing out the number of molecules per cell, mitochondrial read percentage and the batch identity with the Seurat 'RegressOut' function. Next, we performed a principal components analysis (PCA), and significant principal components (PCs) were used as input for graph-based clustering. We used UMAP for 2-dimensional visualization of the multi-dimensional dataset (McInnes and Healy, 2018) . Differential expression of the individual clusters was achieved using the Wilcoxon rank sum test (FindMarkers, default). To avoid overclustering, we merged clusters that were not transcriptionally distinct into a single cluster. Clusters composed of doublets (two different cell types within a single droplet) were removed from the dataset. And clusters that were not obviously of cardiac origin were also removed from the final analysis, including hepatocytes and lung epithelial cells. GO analysis was performed using Metascape (www. metascape.org). For pseudotemporal analysis, the normalized data from selected clusters were then passed directly into Monocle2, in which density peak clustering and downstream analysis were performed. Chi-square statistical analysis between clusters was performed and visualized as previously described (Li et al., 2018) . PAGA was implemented through Scanpy (version 1.4.1) with the threshold set to 0.1 (Wolf et al., 2018) . STREAM (version 0.3.8) analysis was performed through python; we used the top 15 principal components calculated from the top 2000 variably expressed genes as features.
Immunofluorescence and fluorescence in situ hybridization
Embryos were fixed in 4% paraformaldehyde overnight at 4°C and then dehydrated in an ethanol series and xylene incubation procedure before paraffin embedding and preparation of 7 μm paraffin sections. For immunofluorescent analysis, antigen presentation was performed by boiling the sections in Antigen Unmasking Solution (Vector Laboratories, H-3300) for 15 minutes. Sections were then permeabilized in PBS containing 0.5% Triton X-100 for 15 minutes at room temperature. Primary antibodies used for immunofluorescence were Isl1 (1:10, Developmental Studies Hybridoma Bank, 40.2D6) and Crabp1 (1:200, Cell Signaling Technology, D7F9T). Signal was detected using fluorophore-conjugated secondary antibodies: Donkey anti-rabbit Alexa Fluor 488 (1:200, Thermo Fisher Scientific, A-21206) and donkey antirabbit Alexa Fluor 647 (1:200, Thermo Fisher Scientific, A-31573). To detect mouse primary antibodies, the Mouse on Mouse (M.O.M) Detection Kit (Vector Laboratories, BMK-2202) was used followed by a Streptavidin, Alexa Fluor 647 conjugate (1:100, Thermo Fisher Scientific, S-32357) for visualization. For FISH, we used RNAscope and performed all labeling according to the manufacturer's instructions in the RNAscope 2.5 HD Assay-RED protocol (ACD). The FISH probes used in this study were Dkk2 (ACD, 404841), Hand1 (ACD, 429651) and Tgfbi (ACD, 494551). Nuclei counterstaining was performed using DAPI (1:1000) for 10 minutes at room temperature. Images were taken using a Zeiss LSM 780 confocal microscope. Quantification of puncta was performed on Zen Blue (Zeiss) software, in which puncta were assigned to the nearest nuclei and then counting was manually performed of the area of interest. Table S1 . Table S2 . Table S3 . Table S1 Click here to Download Table S2 Click here to Download Table S3 Development: doi:10.1242/dev.180398: Supplementary information 
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